Abstract: In this paper, corona charged LDPE film was tested using a standard static potential monitor and the pulsed electro-acoustic (PEA) technique to observe the surface potential decay. A wide range of voltages and different corona charging times, different sample thicknesses and multi-layer films were used to demonstrate influential factors for surface potential decay. These provide a direct experimental evidence to support the bulk transport process. An important finding from the PEA results is that bipolar charge injection takes place during corona charging process and in subsequently decay process. The new evidence challenges the existing surface potential decay models which were developed based on a single charge carrier injection.
INTRODUCTION
In recent years there has been considerable interest in the surface potential decay characteristics of corona charged dielectrics. Various methods have been used to observe the decay including thermally stimulated discharge current, surface potential decay and the measurement of current/voltage during corona charging [1] . Different mechanisms have been proposed. Generally, there are three possible decaying routes for electric charge on surface, i.e. through the atmosphere, along the surface and transport through the bulk. In the present study, surface potential decay after corona charge deposition has been investigated for low density polyethylene (LDPE) films over a wide range of charging voltages and different charging times. To further understand decay process, experiments were carried out on multi-layer of LDPE films. In addition to monitor the surface potential, the pulsed electroacoustic (PEA) technique, which has been widely used to measure space charge in solid dielectrics, has been employed to measure charge distribution and its evolution in corona charged LDPE.
EXPERIMENTAL DETAILS
In order to reduce the influence of impurities, additivefree low density polyethylene film was selected. The thin planar films were purchased from the GoodFellow. Samples were cut into a disc shape with a diameter of 50mm, cleaned using methanol, raised in deionised water and dried by air.
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LDPE film was charged in a conventional corona setup shown in Figure.1 Figure 2 . Surface potential shows an expected monotonic decay with time. However, we can observe clearly the crossover phenomenon; i.e. the surface potential in the sample with an initial high potential decays faster than that with a lower surface potential. To explain the surface charge leakage and crossover phenomenon, different mechanisms have been proposed. The decay has been attributed to various mechanisms including recombination with opposite ions in air, surface migration and bulk conduction. The bulk process has been widely accepted and several models have been proposed to explain the surface potential decay [3] [4] [5] . To validate the bulk process responsible for surface charge decay, samples with different thicknesses (180ptm and 50ptm) were used under either the same corona voltage (-8kV) and or the same electric field ( 80kV/mm). The decay results were shown in Figure 3 and Figure 4 . The results in Figure 3 indicate that the material thickness plays a crucial role in surface potential decay. Both results in Figure 2 and Figure 3 show us that surface potential decay faster when the sample has an initial high electric field. Figure 6 shows the surface charge decay of multi-layer LDPE sample corona-charged under -4kV for 2mins. To achieve a similar electric field, the similar sample thickness was chosen; i.e. 180pm for one layer and three layers of 50pm (150pm) as multi-layer. For the multi-layer potential decay monitoring, two measurements were carried out. In the first one the potential was continuously monitored. In the second measurement, after the potential was monitored for 3 minutes the top layer was carefully removed and surface potential produced by the middle and bottom layer was continuously observed and it shows a similar decay fashion. And after 5 minutes, the middle layer was removed and the potential produced by the bottom layer was measured as shown in Figure 6 . Since surface potential is a representation of both surface charge and bulk charge, this result implies that electric charges exist either on the top surface of bottom two layers or in the bulk. No matter which case, the charges detected has to come from charge injection from the electrodes. Therefore, it provides a direct experimental evidence to support the bulk transport process.
l
From the results of surface potential measurement, we know that the decay rate is strongly depending on the experimental setting, e.g. corona voltage, sample thickness, applied electric field, charging period and polymeric interface. Although the potential decay can give us some information about the charge decay mechanism, more interesting thing is how the charges transport inside the sample during the decay period. Figure 7 shows the charge distribution of 180pm corona-charged under 8kV for 2 minutes. The two peaks at the PEA electrodes are induced charged peaks, which is definitely due to the existence of charge in the sample. The middle two peaks at top and bottom layer of corona charged sample are the charges formed during corona charging process, protected by the attached film.
Negative charges presented at the top surface are expected as a process of charge deposition. However, a significant positive peak can be observed at the bottom surface of the sample. We believe this is because the charge injection from the ground electrode happened in the corona charged process. About the detailed discussion of bipolar injection can be found in our earlier works [6, 7] . Charge evolution with time also shows a slow change, which is analogous to one of the potential decay curves shown in Figure 3 . By comparing potential decay results for one layer and three layered samples, it can be noted that the surface potential from the multilayer sample with interface shows a slower decay than that from one layer sample. From the results it seems that the surface potential form a sample with an initial high field decays faster. Therefore, the surface potential from one layer sample (180ptm) with an initial lower electric field should decay slower compared with the three layer sample (150pm). However, the results in Figure 6 contradict this. The only explanation lies in the presence of interfaces in the three layered sample. Interface seems to act as a barrier for charge movement therefore leading to a slow decay of surface potential.
Charge mapping results It is clear that bulk process is responsible for the surface potential decay. As the surface potential changes relatively slow, it is possible to utilise the PEA technique to monitor space charge distribution and charge evolution. the PEA results that charges decrease extremely fast. This result is consistent with the result in Figure 5 . Figure 9 shows space charge distribution and dynamics in a two-layer LDPE sample. Compared with space charge distribution in one layer corona charged sample, an extra negative charge peak is observed at the interface between the two polymer layers. This can explain the early potential results obtained from the middle and bottom layer of the multi-layer sample (see Figure 6 ). These negative charges measured by the PEA or potential monitor are believed to be formed due to charge injection from corona charging surfaces and then transported to the interface. To study the charge transport in the bulk or at interface after corona charging, two-layer LDPE sample was charged for a long period and the PEA result is shown in Figure 10 .
There is a significant difference in charge distribution inside the bulk and interface of sample compared with a short charging period. 
CONCLUSION
The crossover phenomenon has been experimentally confirmed in this study. The surface potential decay is determined by several factors: corona voltage, sample thickness, charging electric field, charging period, polymer interface. The charge mapping technique used in the study of surface potential decay in polyethylene films is a valuable attempt. This technique provides an alternative way to investigate charge decay process and it allows monitoring charge migration through the bulk of corona charged film. The charge profiles obtained strongly suggest that the bipolar charge injection has taken place and interface has a special influence on charge transfer through the sample. And new surface potential decay model is required to explain the charge transport processes in corona charged LDPE film. Figure 9 : Space charge distribution decay in two layer corona charged sample (50tm+50tm, -4kV 2mins corona)
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The negative peak at the top layer of corona charged sample is smaller than the peak shown in Figure 9 and deceased with time. Similar situation happens for the charge accumulated at the sample interface. An important result is negative charge dominated the bulk area of two corona charged layer. It seems that the negative charge deposited on the top layer moved into the bulk and overcome the interface barrier and transport in bulk of bottom layer. The longer the corona charging time the more electrons injected into the bulk. From the charge distribution evolution, it is easy to know that charge decays faster in the sample corona charged for a long time than that in the sample coronacharged for a short period. This is consistent with the results shown in Figure 5 .
Using the charge mapping technique, the bipolar charge carrier injection has been observed. These new phenomenon challenges the existing surface potential decay models, which were established based on the single layer of charge carries. And interface influence factor should be considered in further research on corona charge polymeric materials as well.
